Abstract: Four pyridinyl alcohols and the corresponding hemilabile pyridinyl alcoholato ruthenium carbene complexes of the Grubbs second generation-type RuCl(H 2 IMes)(OˆN)(=CHPh), where
Introduction
The well-defined Grubbs first (1 and 2) [1] [2] [3] [4] and second (3) [5] [6] [7] generation precatalysts are found to be very active and robust toward a large number of substrates. These precatalysts however showed activity at room temperature in alkene metathesis reactions [2, 8, 9] . Although they perform excellent at room temperature, they have a relatively short catalytic lifetime.
The first 31 The first 31 P NMR investigation of a hemilabile property of S-O ligands in Pd complexes of the type trans-[Pd(OOC-C 6 H 4 -2SR-k 1 -O)]Ph(PPh 3 ) 2 (R = i Pr, t Bu), wherein one PPh 3 ligand is replaced by a sulfur atom of the S-O ligand to afford chelates, in solution, was reported by Raubenheimer et al. [10] . Grubbs-type precatalysts with hemilabile ligands showed greater lifetimes and stability [10, 11] . It was
Results and Discussion

Synthesis of Pyridinyl Alcohols
Although there are more than 21 different methods [26] of synthesizing pyridinyl alcohols, we followed the straightforward and relatively simple synthetic route of Herrmann et al. [27] to synthesize the pyridinyl-alcohols 5-8 (Scheme 2). As was mentioned earlier, our aim is synthesizing 1-(2′-pyridinyl)-1,1-diphenyl-methanols having chlorine and/or methoxy substituents on one of the phenyl rings. Scheme 1. Design concepts for thermally-switchable initiators.
In the design concepts shown in Scheme 1, the intention in all is to slow down or prevent the dissociation of L 2 . Motif A is the classical Grubbs precatalysts where L 2 is mostly either PCy 3 [4] or H 2 IMes [7] , while in Motif D, a hetero-atom like sulfur [14] is typically introduced in the alkylidene ligand of these precatalysts. Hoveyda et al. [15] [16] [17] [18] synthesized precatalysts with Motif B that showed exceptional stability that allowed its use in reagent-grade solvents and/or in air [15] , while this motif was also used by Van der Schaaf et al. [14] for the fine-tuning of gel times for the better handling of ROMP (ring-opening metathesis polymerization) in technical processes. In Motif C, where X is oxygen, the chelating ligand competes in both initiation and coordination with the incoming alkene substrate for a vacant coordination site [17] . The synthesis of this design concept was first achieved by Grubbs et al. [19] and later by Verpoort et al. [20, 21] . Herrmann and co-workers synthesized the hemilabile pyridinyl alcoholato ligand-containing complexes and found low catalytic activity for ROMP; however, the activity increased with an increase in temperature as was observed for 3 [11] . A closely-related precatalyst was also synthesized by Hafner et al. [22] . Because of the increase in the catalytic lifetime as a result of hemilability, we were interested in the design concept shown in Motif C. In line with this, Jordaan [23] synthesized 4 and other ruthenium-based precatalysts by modifying the bidentate hemilabile ligand of Herrmann et al. [11] and Hafner et al. [22] . The precatalyst 4 has shown an enhanced catalyst lifetime compared to Grubbs precatalysts at 60 • C [24] . Furthermore, its optimum temperature is 80 • C in 1-octene metathesis.
Our aim is synthesizing a precatalyst that is active, highly selective and having a longer catalytic lifetime at higher temperatures. This is because in industry, mainly linear alkenes are produced typically at high temperatures (e.g., alkenes are produced in high temperature Fischer-Tropsch processes operating at typically >300 • C [25] ), thus reducing the need to lower process temperatures too low to add further value to the alkene pool. In this paper, we investigated the influence of an electron-withdrawing (Cl) and an electron-donating (OMe) substituent, ortho or para on one of the α-phenyl rings of 4, on its catalytic performance in 1-octene metathesis. With this aim, the synthesis and characterization of p-chloro-, p-methoxy-and o-chloro-substituted pyridinyl alcohols and the corresponding derivatives of 4 were successfully performed. Investigations of their catalytic activity, selectivity and stability in 1-octene metathesis were made in the temperature range of 70-110 • C.
Results and Discussion
Synthesis of Pyridinyl Alcohols
Although there are more than 21 different methods [26] of synthesizing pyridinyl alcohols, we followed the straightforward and relatively simple synthetic route of Herrmann et al. [27] to synthesize the pyridinyl-alcohols 5-8 (Scheme 2). As was mentioned earlier, our aim is synthesizing The synthesis of the alcohols was performed in a dry and inert three-neck round-bottomed flask by stirring the mixture of nBuLi solution with 2-bromopyridine, in diethyl ether under cryogenic (−78 °C) conditions. The lithium salts of pyridinyls were then allowed to react with benzophenone, 2-chlorobenzophenone, 4-chlorobenzophenone or 4-methoxybenzophenone after raising the temperature to −20 °C for 2 h, which, in the end, was raised to room temperature, followed by careful hydrolysis. This resulted in 48% 1,1-diphenyl-1-(2′-pyridinyl)-methanol (5), 89% 1-(2′-chlorophenyl)-1-phenyl-1-(2′-pyridinyl)-methanol (6), 80% 1-(4′-chlorophenyl)-1-phenyl-1-(2′-pyridinyl)-methanol (7) and 70% 1-(4′-methoxyphenyl)-1-phenyl-1-(2′-pyridinyl)-methanol (8) . The structures of the alcohols were elucidated using IR (Infrared spectrometry), NMR (Nuclear Magnetic Resonance spectrometry) and MS (Mass Spectrometry) (see Section 3). Compared to Sperber et al.'s [28] yield (14.5%), our yield for 5 is far better. They reacted picolinic acid and benzophenone (1:6) in p-cymene solvent for about 6 h. McCarty et al. [29] increased the yield of 5 to 25% by adding the picolinic acid over a 1-3 h period to a refluxing p-cymene solution of benzophenone. Using the same procedure, McCarty et al. [29] synthesized 25% of 7, which is three times less than our yield. They, however, obtained 7 (68%) and 6 (42%) by first preparing the nBuLi followed by reacting it with 2-bromopyridine at −60-−40 °C. The lithium salt of 2-bromopyridine was then reacted with 4-chlorobenzophenone and 2-chlorobenzophenone at −60 °C and then allowed to react for 2 h at −40 °C. Pyridinyl alcohol 8 was synthesized for the first time.
Synthesis of the Lithium Salts and the Corresponding Complexes
The lithium salts of the alcohols 5-8 were prepared in a Schlenk tube by stirring the pyridinyl alcohols with nBuLi solution in THF at room temperature in an argon atmosphere (Scheme 3) [22] . The yield percentage of the lithium salts of the pyridinyl-alcohols was not calculated, as the lithium salts are very sensitive to moisture and oxygen (air). The lithium salts were kept in the Schlenk tube under the argon atmosphere for the synthesis of the complexes shown in Scheme 4. The lithium salts of the pyridinyl methanols 9-12 were added into a Schlenk tube containing a THF solution of the Grubbs 2 precatalyst in an argon atmosphere and stirred to result in the Grubbs 2-type precatalysts 4 and 13-15, as shown in Scheme 4.
The nitrogen chelation of the pyridinyl-alcoholato ligands to the ruthenium metal can be seen from the downfield H-6′ 1 H NMR chemical shifts of the catalysts compared to the corresponding free ligands (Table 1) . It is also seen from the up-field 1 H NMR chemical shift of the precatalyst carbene proton (α-H) compared to that of Grubbs 2-precatalyst. The electron donation of the pyridinyl alcoholato nitrogen to the ruthenium metal, during chelation, would possibly increase the electron density around the ruthenium and also the benzylidene proton. This will shift its resonance up-field compared to the Grubbs 2-precatalyst. Simultaneously, the electron density on the pyridinylalcoholato ligand nitrogen will decrease, and this would result in the downfield chemical shift of the H-6′ of pyridine. A downfield chemical shift of a proton is indicative of the decrease on the electron 
nBuLi, THF, 20 -25°C, 2 h Scheme 2. Synthesis of pyridinyl alcohols 5-8.
The synthesis of the alcohols was performed in a dry and inert three-neck round-bottomed flask by stirring the mixture of nBuLi solution with 2-bromopyridine, in diethyl ether under cryogenic (−78 • C) conditions. The lithium salts of pyridinyls were then allowed to react with benzophenone, 2-chlorobenzophenone, 4-chlorobenzophenone or 4-methoxybenzophenone after raising the temperature to −20 • C for 2 h, which, in the end, was raised to room temperature, followed by careful hydrolysis. This resulted in 48% 1,
The structures of the alcohols were elucidated using IR (Infrared spectrometry), NMR (Nuclear Magnetic Resonance spectrometry) and MS (Mass Spectrometry) (see Section 3). Compared to Sperber et al.'s [28] yield (14.5%), our yield for 5 is far better. They reacted picolinic acid and benzophenone (1:6) in p-cymene solvent for about 6 h. McCarty et al. [29] increased the yield of 5 to 25% by adding the picolinic acid over a 1-3 h period to a refluxing p-cymene solution of benzophenone. Using the same procedure, McCarty et al. [29] synthesized 25% of 7, which is three times less than our yield. They, however, obtained 7 (68%) and 6 (42%) by first preparing the nBuLi followed by reacting it with 2-bromopyridine at −60-−40 • C. The lithium salt of 2-bromopyridine was then reacted with 4-chlorobenzophenone and 2-chlorobenzophenone at −60 • C and then allowed to react for 2 h at −40 • C. Pyridinyl alcohol 8 was synthesized for the first time.
The lithium salts of the alcohols 5-8 were prepared in a Schlenk tube by stirring the pyridinyl alcohols with nBuLi solution in THF at room temperature in an argon atmosphere (Scheme 3) [22] . The yield percentage of the lithium salts of the pyridinyl-alcohols was not calculated, as the lithium salts are very sensitive to moisture and oxygen (air). The lithium salts were kept in the Schlenk tube under the argon atmosphere for the synthesis of the complexes shown in Scheme 4. The synthesis of the alcohols was performed in a dry and inert three-neck round-bottomed flask by stirring the mixture of nBuLi solution with 2-bromopyridine, in diethyl ether under cryogenic (−78 °C) conditions. The lithium salts of pyridinyls were then allowed to react with benzophenone, 2-chlorobenzophenone, 4-chlorobenzophenone or 4-methoxybenzophenone after raising the temperature to −20 °C for 2 h, which, in the end, was raised to room temperature, followed by careful hydrolysis. This resulted in 48% 1, (8) . The structures of the alcohols were elucidated using IR (Infrared spectrometry), NMR (Nuclear Magnetic Resonance spectrometry) and MS (Mass Spectrometry) (see Section 3). Compared to Sperber et al.'s [28] yield (14.5%), our yield for 5 is far better. They reacted picolinic acid and benzophenone (1:6) in p-cymene solvent for about 6 h. McCarty et al. [29] increased the yield of 5 to 25% by adding the picolinic acid over a 1-3 h period to a refluxing p-cymene solution of benzophenone. Using the same procedure, McCarty et al. [29] synthesized 25% of 7, which is three times less than our yield. They, however, obtained 7 (68%) and 6 (42%) by first preparing the nBuLi followed by reacting it with 2-bromopyridine at −60-−40 °C. The lithium salt of 2-bromopyridine was then reacted with 4-chlorobenzophenone and 2-chlorobenzophenone at −60 °C and then allowed to react for 2 h at −40 °C. Pyridinyl alcohol 8 was synthesized for the first time.
nBuLi, THF, 20 -25°C, 2 h The lithium salts of the pyridinyl methanols 9-12 were added into a Schlenk tube containing a THF solution of the Grubbs 2 precatalyst in an argon atmosphere and stirred to result in the Grubbs 2-type precatalysts 4 and 13-15, as shown in Scheme 4. density around the atom [30] . Therefore, the chelation of the pyridinyl-alcoholato ligands to the ruthenium metal is evident. The precatalysts 13-15 were all synthesized for the first time, as we did not find any reported in the literature. The appearance of two peaks in the 1 H NMR spectra of the precatalysts 13-15 is due to the chirality of the pyridinyl alcoholato ligand at the α-position, which results in the formation of diastereomers. A similar phenomenon is observed in the 13 C NMR spectra.
Metathesis Reactions
The metathesis of 1-octene results in a mixture of products. The self-metathesis of 1-octene results in the formation of 7-tetradecene (cis and trans) and ethene, named primary metathesis products (PMPs). The double bond in 1-octene also undergoes isomerization to form internal olefins. The isomerization products (IPs) undergo self-metathesis and cross-metathesis reactions or secondary metathesis reactions yielding the various alkenes in the range C3-C16 named secondary metathesis products (SMPs). Table 2 summarizes the various metathesis reactions and the products of 1-octene in the presence of ruthenium alkylidene catalysts. The nitrogen chelation of the pyridinyl-alcoholato ligands to the ruthenium metal can be seen from the downfield H-6 1 H NMR chemical shifts of the catalysts compared to the corresponding free ligands (Table 1) . It is also seen from the up-field 1 H NMR chemical shift of the precatalyst carbene proton (α-H) compared to that of Grubbs 2-precatalyst. The electron donation of the pyridinyl alcoholato nitrogen to the ruthenium metal, during chelation, would possibly increase the electron density around the ruthenium and also the benzylidene proton. This will shift its resonance up-field compared to the Grubbs 2-precatalyst. Simultaneously, the electron density on the pyridinyl-alcoholato ligand nitrogen will decrease, and this would result in the downfield chemical shift of the H-6 of pyridine. A downfield chemical shift of a proton is indicative of the decrease on the electron density around the atom [30] . Therefore, the chelation of the pyridinyl-alcoholato ligands to the ruthenium metal is evident. The precatalysts 13-15 were all synthesized for the first time, as we did not find any reported in the literature. The appearance of two peaks in the 1 H NMR spectra of the precatalysts 13-15 is due to the chirality of the pyridinyl alcoholato ligand at the α-position, which results in the formation of diastereomers. A similar phenomenon is observed in the 13 C NMR spectra.
The metathesis of 1-octene results in a mixture of products. The self-metathesis of 1-octene results in the formation of 7-tetradecene (cis and trans) and ethene, named primary metathesis products (PMPs). The double bond in 1-octene also undergoes isomerization to form internal olefins. The isomerization products (IPs) undergo self-metathesis and cross-metathesis reactions or secondary metathesis reactions yielding the various alkenes in the range C 3 -C 16 named secondary metathesis products (SMPs). Table 2 summarizes the various metathesis reactions and the products of 1-octene in the presence of ruthenium alkylidene catalysts. Tables 3 and 4 . The metathesis of 1-octene was also performed using precatalyst 4 at its optimum temperature (80 • C) with the intention to compare it with the newly-synthesized precatalysts and to see the influence of the substituents on the catalytic activity. A comparison of the catalytic activity and selectivity of precatalysts 13-15 is also made with precatalysts 2-4 at their optimum temperatures. Furthermore stabilities of the precatalysts were compared in the temperature ranges 70-110 • C. The results of the metathesis reactions are presented below. The effect of temperature on the catalytic activities of precatalysts 13-15 was investigated for temperatures of 70, 80, 90, 100 and 110 °C. The results of the metathesis reaction of 1-octene with 13 and 14 at 70 °C are not included in the figures (Figures 1 and 2 ) as a result of using different time intervals for sample collection than those of 80-110 °C. A summary of the results, however, is included in Tables 3 and 4 . The metathesis of 1-octene was also performed using precatalyst 4 at its optimum temperature (80 °C) with the intention to compare it with the newly-synthesized precatalysts and to see the influence of the substituents on the catalytic activity. A comparison of the catalytic activity and selectivity of precatalysts 13-15 is also made with precatalysts 2-4 at their optimum temperatures. Furthermore stabilities of the precatalysts were compared in the temperature ranges 70-110 °C. The results of the metathesis reactions are presented below. Precatalyst 13 showed a progressive activity in 1-octene metathesis in the temperature range of 70-110 °C (Table 3 and Figure 1 ). The activity of 13, however, is very slow at 70 °C, resulting only in 25% conversion of 1-octene to 22.7% PMPs, 2.0% SMPs and 0.3% IPs in 540 min. Although the selectivity is good (91%), the initiation constant (KIn), turnover number (TON) and turnover frequency (TOF) are low. The activity, however, was almost doubled on increasing the reaction temperature to 80 °C, resulting in 46% conversion of 1-octene to 44.2% PMPs, 1.9% SMPs and 1.1% IPs. The selectivity also increased to 96%, resulting in a significant increase in KIn, TON and TOF. Relatively large conversion (94%) of the 1-octene into the various products was observed at 90 °C. This, however, resulted in an enormous increase in the SMPs (20.7%) and PMPs (71.7%). The IPs (1.26%) showed a very small increase as a result of the fast conversion to SMPs. A decrease in the selectivity (77%) and a large increase in the initiation constant, TON and TOF are observed due to high conversion of 1-octene to PMPs and SMPs. The increase in substrate conversion at 100 and 110 °C is not significant and led to a slight increase in SMPs (24.4% and 30.2%, respectively) and IPs (1.5% and 1.9%, respectively).
A decrease in the selectivity, KIn, TON and TOF was observed due to the slow 1-octene conversion. As a result of a very low activity at 70 °C, the reaction reached equilibrium, i.e., when no further PMP formation is observed, at 3630 min, wherein 85% 1-octene conversion to 80% PMPs, 4.9% SMPs and 0.2% IPs with 94% selectivity, 7214 TON and 3.3 × 10 −2 TOF were observed. On the other hand, at 80 °C, equilibrium was attained at 2100 min and 79% 1-octene conversion resulting in 69% PMPs, 9.4% SMPs, and 0.2% IPs with 88% selectivity, 6237 TON and 4.94 × 10 −2 TOF. At 90 °C, the reaction attained equilibrium at 350 min and 94% 1-octene conversion into 73.4% PMPs, 19.4% SMPs and 1.1% IPs with 78% selectivity, 6606 TON and 31.5 × 10 −2 TOF. Although equilibrium was attained at 140 min at 100 and 110 °C, the 1-octene conversion and product distribution showed significant variation. At 100 °C, 86% conversion of 1-octene into 73% PMPs, 12.3% SMPs and 0.7% IPs was observed with 84% selectivity, 6523 TON and 77.7 × 10 −2 TOF. In the case of 110 °C, 94% of 1-octene was converted into 72% PMPs, 21% SMPs and 1.2% IPs with 76% selectivity, 6456 TON and 76.9 × 10 −2 TOF. Although the highest selectivity and large PMP formation and TON with relatively low SMP and IP formation are observed at 70 °C, it took a very long time to reach equilibrium. Considering the rate of the reaction, high PMPs, low SMPs and IPs, the optimum temperature for the precatalyst 13 is 80 °C.
The catalytic activity of precatalyst 14 is summarized in Table 4 and Figure 2 . A very low conversion of 1-octene (6%) to PMPs (5.3%), SMPs (0.8%) and IPs (0.1%) with 86% selectivity, 476 TON, 0.71 × 10 −3 KIn and 1.47 × 10 −2 TOF is observed for 1-octene metathesis. The reaction did not even reach equilibrium after 3570 min, at which point, the reaction was stopped. 0.2% IPs with 99% selectivity, 5854 TON and 2.60 × 10 −2 TOF. Although the 1-octene conversion, PMP formation, selectivity and TON increased significantly, the rate of the reaction is very slow. The selectivity (99%) towards PMP formation, however, is excellent at this temperature. This therefore shows the need for increasing the reaction temperature in order to increase the activity of the precatalyst and increase the rate of product formation. The reaction temperature was raised to 80 °C and resulted in 59% 1-octene conversion to 56.6% PMPs, 5.8% SMPs and 0.2% IPs with 96% selectivity, relatively high KIn (9.22 × 10 −3 ), TON (5097) and TOF (15.7 × 10 −2 ) after 540 min ( Figure 2 ). Considering all of the factors, therefore, the optimum temperature for 1-octene metathesis using precatalyst 14 is 100 °C. Table 5 summarize the influence of temperature on the 1-octene metathesis reaction using precatalyst 15 after 540 min. As was the case with precatalysts 13 and 14, the 1-octene metathesis reaction using precatalyst 15 showed relatively low substrate conversion, PMP, IP and SMP formation and KIn, TON and TOF after 540 min. Generally, it showed low activity.
At 70 °C, the reaction did not reach equilibrium after 2100 min, resulting in 47% 1-octene conversion to 45% PMPs, 1.7% SMPs, 0.2% IPs and 96% selectivity, 4032 TON, 3.29 × 10 −2 TOF. Precatalyst 13 showed a progressive activity in 1-octene metathesis in the temperature range of 70-110 • C (Table 3 and Figure 1 ). The activity of 13, however, is very slow at 70 • C, resulting only in 25% conversion of 1-octene to 22.7% PMPs, 2.0% SMPs and 0.3% IPs in 540 min. Although the selectivity is good (91%), the initiation constant (K In ), turnover number (TON) and turnover frequency (TOF) are low. The activity, however, was almost doubled on increasing the reaction temperature to 80 • C, resulting in 46% conversion of 1-octene to 44.2% PMPs, 1.9% SMPs and 1.1% IPs. The selectivity also increased to 96%, resulting in a significant increase in K In , TON and TOF.
Relatively large conversion (94%) of the 1-octene into the various products was observed at 90 • C. This, however, resulted in an enormous increase in the SMPs (20.7%) and PMPs (71.7%). The IPs (1.26%) showed a very small increase as a result of the fast conversion to SMPs. A decrease in the selectivity (77%) and a large increase in the initiation constant, TON and TOF are observed due to high conversion of 1-octene to PMPs and SMPs. The increase in substrate conversion at 100 and 110 • C is not significant and led to a slight increase in SMPs (24.4% and 30.2%, respectively) and IPs (1.5% and 1.9%, respectively).
A decrease in the selectivity, K In , TON and TOF was observed due to the slow 1-octene conversion. As a result of a very low activity at 70 • C, the reaction reached equilibrium, i.e., when no further PMP formation is observed, at 3630 min, wherein 85% 1-octene conversion to 80% PMPs, 4.9% SMPs and 0.2% IPs with 94% selectivity, 7214 TON and 3.3 × 10 −2 TOF were observed. On the other hand, at 80 • C, equilibrium was attained at 2100 min and 79% 1-octene conversion resulting in 69% PMPs, 9.4% SMPs, and 0.2% IPs with 88% selectivity, 6237 TON and 4.94 × 10 −2 TOF. At 90 • C, the reaction attained equilibrium at 350 min and 94% 1-octene conversion into 73.4% PMPs, 19.4% SMPs and 1.1% IPs with 78% selectivity, 6606 TON and 31.5 × 10 −2 TOF. Although equilibrium was attained at 140 min at 100 and 110 • C, the 1-octene conversion and product distribution showed significant variation. At 100 • C, 86% conversion of 1-octene into 73% PMPs, 12.3% SMPs and 0.7% IPs was observed with 84% selectivity, 6523 TON and 77.7 × 10 −2 TOF. In the case of 110 • C, 94% of 1-octene was converted into 72% PMPs, 21% SMPs and 1.2% IPs with 76% selectivity, 6456 TON and 76.9 × 10 −2 TOF. Although the highest selectivity and large PMP formation and TON with relatively low SMP and IP formation are observed at 70 • C, it took a very long time to reach equilibrium. Considering the rate of the reaction, high PMPs, low SMPs and IPs, the optimum temperature for the precatalyst 13 is 80 • C.
The catalytic activity of precatalyst 14 is summarized in Table 4 and Figure 2 . A very low conversion of 1-octene (6%) to PMPs (5.3%), SMPs (0.8%) and IPs (0.1%) with 86% selectivity, 476 TON, 0.71 × 10 −3 K In and 1.47 × 10 −2 TOF is observed for 1-octene metathesis. The reaction did not even reach equilibrium after 3570 min, at which point, the reaction was stopped.
After 3570 min at 70 • C, 66% of the 1-octene was converted to 65% PMPs, 0.8% SMPs and 0.2% IPs with 99% selectivity, 5854 TON and 2.60 × 10 −2 TOF. Although the 1-octene conversion, PMP formation, selectivity and TON increased significantly, the rate of the reaction is very slow. The selectivity (99%) towards PMP formation, however, is excellent at this temperature. This therefore shows the need for increasing the reaction temperature in order to increase the activity of the precatalyst and increase the rate of product formation. The reaction temperature was raised to 80 • C and resulted in 59% 1-octene conversion to 56.6% PMPs, 5.8% SMPs and 0.2% IPs with 96% selectivity, relatively high K In (9.22 × 10 −3 ), TON (5097) and TOF (15.7 × 10 −2 ) after 540 min ( Table 4 ). The 1-octene conversion
and PMP formation increased ten-fold, while the SMPs and IPs increased only two-fold in 540 min. A very large increase in selectivity, initiation constant, TON and TOF is also observed. The reaction reached equilibrium after 1620 min with 84% 1-octene conversion to 81.2% PMPs, 2.3% SMPs and 0.28% IPs with 97% selectivity, 7307 TON and 7.5 × 10 −2 TOF. Further increasing the temperature to 90 • C resulted in 82% 1-octene conversion to 75.8% PMPs, 5.8% SMPs and 0.2% IPs with 93% selectivity, 6823 TON, 11.36 × 10 −3 K In and 21.1 × 10 −2 TOF. Although all of the factors (except selectivity) showed an increase upon raising the temperature to 90 • C, further raising the temperature to 100 • C only increased the PMPs (77%), selectivity (97%), TON (6928), K In (14.11 × 10 −3 ) and TOF (21.4 × 10 −2 ). The 1-octene conversion (79%), SMPs (2.0%) and IPs (0.4%), however, decreased moderately. The reaction attained equilibrium at 660 min (Figure 2 ) with 84% 1-octene conversion to 78.5% PMPs, 5.5% SMPs, 0.2% IPs, 93% selectivity, 7068 TON and 17.9 × 10 −2 TOF at 90 • C. It required only 420 min to reach equilibrium at 100 • C (Figure 2 ) with 79% 1-octene conversion to 75.8% PMPs, 2.5% SMPs, 0.3 IPs and 97% selectivity, 6825 TON and 27.08 × 10 −2 TOF. At 110 • C, however, 87% of the 1-octene was converted to 81.1% PMPs, 5.0% SMPs, 0.5% IP with 94% selectivity, 7298 TON, 12.75 × 10 −3 K In and 22.5 × 10 −2 TOF at 540 min. The 1-octene conversion, PMP and SMP formation and TON showed a significant increase compared to that at 100 • C. Although the reaction seems to equilibrate at 200 min at 110 • C, the reaction slowly continued showing an increase in the substrate conversion, PMP, SMP and IP formation up to 540 min ( Figure 2 ). Considering all of the factors, therefore, the optimum temperature for 1-octene metathesis using precatalyst 14 is 100 • C. Figure 3 and Table 5 summarize the influence of temperature on the 1-octene metathesis reaction using precatalyst 15 after 540 min. As was the case with precatalysts 13 and 14, the 1-octene metathesis reaction using precatalyst 15 showed relatively low substrate conversion, PMP, IP and SMP formation and K In , TON and TOF after 540 min. Generally, it showed low activity. At 70 • C, the reaction did not reach equilibrium after 2100 min, resulting in 47% 1-octene conversion to 45% PMPs, 1.7% SMPs, 0.2% IPs and 96% selectivity, 4032 TON, 3.29 × 10 −2 TOF. Increasing the temperature to 80 • C raised the 1-octene conversion to 32%, resulting in 53.4% PMPs, 1.4% SMPs, 0.2% IP and 95% selectivity, 2765 TON, 4.46 × 10 −3 K In and 8.5 × 10 −2 TOF after 540 min. The substrate conversion and PMP formation, K In , TON and TOF are doubled, while the SMP formation showed a moderate increase, and IP formation decreased. The reaction did not equilibrate after 2100 min, resulting in 84% 1-octene conversion to 81% PMPs, 2.9% SMPs, 0.1% IPs, 97% selectivity, 7321 TON and 5.8 × 10 −2 TOF. Raising the temperature to 90 • C converted 56% of 1-octene to 53.4% PMPs, 2.1% SMPs, 0.2% IPs and 96% selectivity, 4802 TON, 7.74 × 10 −3 K In and 14.8 × 10 −2 TOF after 450 min. Except for IP formation and selectivity, a substantial increase was observed in all of the factors upon increasing the temperature by 10 • C. The reaction, however, did not reach equilibrium at 2100 min, where it was stopped, resulting in 91% conversion of 1-octene to 87% PMPs, 4.1% SMPs, 0.2% IPs, 95% selectivity, 7835 TON and 6.2 × 10 −2 TOF. Relatively high substrate conversion to high PMPs and SMPs is observed after 2100 min. At 100 °C, 75% of the 1-octene was converted to 71.9% PMPs, 2.5% SMPs and 0.3% IPs with 96% selectivity, 6469 TON, 12.83 × 10 −3 KIn and 20.0 × 10 −2 TOF after 540 min. The increase in 1-octene conversion to PMPs is significant, while its conversion to SMPs and IPs is relatively small. The TON, KIn and TOF also showed a substantial increase. The reaction, however, reached equilibrium after 780 min with 84% of substrate conversion to 81% PMPs, 3.5% SMPs, 0.3% IPs, 96% selectivity, 7251 TON and 15.5 × 10 −2 TOF. In spite of all of the variations in substrate conversion, PMP, SMP and The reaction, however, did not reach equilibrium at 2100 min, where it was stopped, resulting in 91% conversion of 1-octene to 87% PMPs, 4.1% SMPs, 0.2% IPs, 95% selectivity, 7835 TON and 6.2 × 10 −2 TOF. Relatively high substrate conversion to high PMPs and SMPs is observed after 2100 min. At 100 • C, 75% of the 1-octene was converted to 71.9% PMPs, 2.5% SMPs and 0.3% IPs with 96% selectivity, 6469 TON, 12.83 × 10 −3 K In and 20.0 × 10 −2 TOF after 540 min. The increase in 1-octene conversion to PMPs is significant, while its conversion to SMPs and IPs is relatively small. The TON, K In and TOF also showed a substantial increase. The reaction, however, reached equilibrium after 780 min with 84% of substrate conversion to 81% PMPs, 3.5% SMPs, 0.3% IPs, 96% selectivity, 7251 TON and 15.5 × 10 −2 TOF. In spite of all of the variations in substrate conversion, PMP, SMP and IP formation, the selectivity remained the same (96%), which is a remarkable phenomenon. As a result of the relatively small SMP and IP formation, we were interested to see the influence of the reaction temperature at 110 • C on the catalytic performance of 15. As is shown in Table 5 and Figure 3 , 97% of the 1-octene was converted to 91.8% PMPs, 4.5% SMPs, 0.3% IPs with 95% selectivity, 8264 TON, 19.01 × 10 −3 K In and 26.0 × 10 −2 TOF after 540 min. This is a remarkable result, which we did not see with any of the previous precatalysts at this temperature after 540 min. In addition to this, the reaction attained equilibrium after 660 min with 97% of the substrate being converted to 93% PMPs, 4.3% SMPs, 0.2% IPs with 95% selectivity, 8340 TON and 21.1 × 10 −2 TOF. It is exciting to see nearly all of the 1-octene being converted to PMPs. It is difficult to decide the optimum reaction temperature for precatalyst 15 as a result of similar selectivities towards PMPs at the high temperatures. Therefore, we prefer to consider both 100 and 110 • C as optimum temperatures for precatalyst 15. Table 6 and Figure 4 show a summary and comparison respectively of the catalytic activities of precatalysts 2-4 and 13-15 in 1-octene metathesis at 80 • C after 540 min. We choose 80 • C because the optimum temperature for precatalyst 4, our reference precatalyst, is 80 • C, as it will help us compare the influence of the substituents on the catalytic activities of precatalysts 13-15. We also included the first and second generation Grubbs precatalysts 2 and 3 for the sake of comparing the improvement in terms of the catalyst activity at high temperatures. As we have mentioned earlier, our main objective is to synthesize a catalyst that would perform better at high temperatures so that it could be considered for industrial applications. The lowest catalytic activity is observed for 13 in every aspect (except selectivity), and the highest selectivity is observed for 2. The highest substrate conversion and PMPs formation is observed for 15 (at 110 °C), which is followed by 3. Precatalyst 3, however, resulted in relatively high TON and TOF followed by 15 (at 110 °C). Precatalysts 15 (at 100 °C) and 4 showed similar activities, whereas precatalyst 14 showed better activity than these two. Generally, precatalysts 14 and 15 showed better activity than the rest of the precatalysts at high temperatures (100 and 110 °C). Therefore, we Although high 1-octene conversion is observed for precatalysts 2 and 3, the highest PMP formation, selectivity, K In , TON and TOF is observed for precatalyst 4. The lowest catalytic activity is observed for 15. Precatalysts 14 and 13 rank second and third, respectively. The precatalyst 3 resulted in relatively high SMPs, although it showed comparative TON and TOF to precatalysts 13 and 14. Precatalyst 2, on the other hand, resulted in high IP (25%) formation that made the reaction competitive regarding IP and PMP formation. The competitive reaction products in 2 and 3 made the selectivity toward PMPs become relatively small.
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Comparison of Catalytic Activity and Selectivity
The relatively low 1-octene conversion and PMP formation for precatalyst 15 is due to the fact that the reaction temperature is way below its optimum temperature. To this effect, we wanted to compare the catalytic performances of all of the aforementioned precatalysts at their optimum temperatures after 420 min. Jordaan [23] optimized the 1-octene metathesis reaction of 2 and 3 at a 1-octene/Ru molar ratio of 9000 and found the optimum reaction temperatures to be 35 and 60 • C, respectively. Table 7 presents the results of the catalytic activities of all of the precatalysts at their optimum temperatures for 1-octene metathesis. The lowest catalytic activity is observed for 13 in every aspect (except selectivity), and the highest selectivity is observed for 2. The highest substrate conversion and PMPs formation is observed for 15 (at 110 • C), which is followed by 3. Precatalyst 3, however, resulted in relatively high TON and TOF followed by 15 (at 110 • C). Precatalysts 15 (at 100 • C) and 4 showed similar activities, whereas precatalyst 14 showed better activity than these two. Generally, precatalysts 14 and 15 showed better activity than the rest of the precatalysts at high temperatures (100 and 110 • C). Therefore, we improved the optimum temperature of the very stable precatalyst 4 to temperatures as high as 100 and 110 • C, sustaining high catalyst activity and selectivity by introducing chloro and methoxy groups on the p-position of one of the α-phenyl groups in the pyridinyl alcoholato ligand.
Effect of Temperature on the Catalyst Lifetime
Previously [24, 31] , we reported the stability (as seen in the improved catalytic lifetimes) of precatalyst 4 and other related precatalysts inter alia by using the plot of the ln([starting material]) versus time. According to Grubbs and co-workers [32] , a linear plot indicates a reaction with pseudo-first order rate kinetics, while a curved plot points towards catalyst decomposition. In this article, we use the same approach in order to compare catalyst stability.
The plots of precatalysts 13 and 14 show catalytic stability at 70 and 80 • C, while the precatalyst 15 showed relatively better catalytic stability between 70 and 100 • C ( Figure 5 ). The deviation from linearity after 470 min in the course of the metathesis reaction of precatalyst 15 reveals its high stability even at 110 • C, while precatalysts 13 and 14 started catalyst decomposition already after 270 min at 90 • C, after 200 min at 100 • C and after 140 min at 110 • C. Although precatalysts 14 and 15 perform very well at 100 • C, precatalyst 15 shows better catalyst stability, and therefore, it will be a choice of interest for high temperature industrial olefin metathesis reactions. In our previous work [24] , we reported that the Grubbs second generation precatalyst 3 resulted in a curved plot at 60 • C; therefore, all of the precatalysts 13-15 showed better catalyst stability at temperatures as high as 80 • C (13 and 14) and 100 • C (15). Comparing only with our reference precatalyst 4, all of the substituted precatalysts showed a better lifetime as a result of a slightly curved plot at 80 • C in the case of precatalyst 4 (Figure 5d) .
perform better than the 2-chlorosubstituted precatalyst 13 and the unsubstituted precatalyst 4 at high temperatures (≥80 °C). The question is, therefore, what is the reason behind this? Is it electronic, steric or the combination of the two? To answer these questions and to get a fundamental understanding of the differences in catalytic performance and catalyst stability among the precatalysts under investigation, a DFT (Density Functional Theory) study was performed. 
Molecular Modelling
In the DFT study, the precatalysts 4 and 13-15 were optimized using the DMol 3 module of Accelrys Material Studio 6.1 (Accelrys Software Inc., San Diego, CA, USA) [33] . Steric calculations between atoms and/or groups was calculated using Solid Angle [34] , and energy calculations were performed based on previous work [35] . Table 8 presents the calculated properties of the precatalysts where all properties were obtained from the Gaussian output files using the pop = NBOread (NBO = natural bond order) keyword. 1 Yield in mol %; 2 C-CC is the close contact between the carbene carbon and NHC (N-heterocyclic carbene) carbon; 3 the subscript indicates the closed system of the precatalyst as shown in Figure 6 ; 4 NPA is the natural population analysis; the close contacts and bond lengths are measured in Å. So far, we have been discussing the catalytic activities and stabilities of the precatalysts in 1-octene metathesis. Generally, the experimental results revealed the fact that the substituted precatalysts 13-15 are more stable than the unsubstituted precatalyst 4. Our comparison in terms of catalytic performance showed the fact that the 4-chloro/methoxy-substituted pyridinyl alcoholato precatalysts 14 and 15 perform better than the 2-chlorosubstituted precatalyst 13 and the unsubstituted precatalyst 4 at high temperatures (≥80 • C). The question is, therefore, what is the reason behind this? Is it electronic, steric or the combination of the two? To answer these questions and to get a fundamental understanding of the differences in catalytic performance and catalyst stability among the precatalysts under investigation, a DFT (Density Functional Theory) study was performed.
In the DFT study, the precatalysts 4 and 13-15 were optimized using the DMol 3 module of Accelrys Material Studio 6.1 (Accelrys Software Inc., San Diego, CA, USA) [33] . Steric calculations between atoms and/or groups was calculated using Solid Angle [34] , and energy calculations were performed based on previous work [35] . Table 8 presents the calculated properties of the precatalysts where all properties were obtained from the Gaussian output files using the pop = NBOread (NBO = natural bond order) keyword. The highest close contact [34] for precatalyst 14 was due to the relatively large size of the chloro group compared to the methoxy oxygen. This steric repulsion can affect the Ru-N bond length, as can be seen in Figure 6 , hence the Ru-N bond length order in Table 9 . The shorter the Ru-N bond length, the slower the hemilability of the pyridinyl alcoholato ligand at a low temperature. Therefore, the relatively high optimum temperature for the precatalysts 14 and 15 is as a result of the strong Ru-N bond. It is therefore the combination of steric and electronic effects that contributed to the differences in the catalyst performance. According to Wiberg [36] , the larger the Wiberg index value, the more active the carbene double bond of the precatalyst. In other words, a π-system can be more active if there exists high electron density. Incidentally, therefore, in the precatalyst 14, the bonding electrons are denser than the rest of the catalysts. This is therefore in agreement with the theoretically-calculated Ru-N bond length order. The only switch between Wiberg's index and Ru-N bond length order is between precatalysts 4 and 15; otherwise, it is in good agreement with the experimental results. The Ru and N natural charges also signify the fact that the closer the nitrogen to the ruthenium, the more the electron density (less positive charge) around the ruthenium and the less the negative charge on the nitrogen; hence, the ruthenium charge order of the precatalysts is 13 > 4 > 15 > 14.
Materials and Methods
Instrumental Methods
IR spectra were obtained by using a Bruker ALPHA-P FTIR (Bruker Optik GmbH, Ettlingen, Germany) equipped with an ATR (attenuated total reflection). A small amount of solid samples was applied directly onto the ATR.
1 H-NMR (CDCl3, 600 MHz), 13 C-NMR (150 MHz), 31 P-NMR (CDCl3, 242 MHz), DEPT135 (CDCl3, 150 MHz), COSY (CDCl3, 600 MHz) and HSQC (CDCl3, 600 MHz and 150 MHz) spectra were obtained using a Bruker Ultrashield Plus 600 Avance III spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany). Samples were prepared by dissolving 20 mg of the sample in 0.75 mL CDCl3.
The masses of the alcohols and the complexes were determined using time-of-flight mass spectrometry (TOF-MS) with the following ionization techniques: atomic pressure chemical ionization (APCI), electron spray ionization (ESI) and matrix-assisted laser desorption ionization (MALDI). A Bruker MicrOTOF-Q II 10390 MS (Bruker Daltonik GmbH, Bremen, Germany) with APCI using the following parameters was used: number of scans 400-1500 m/z, positive ion polarity, capillary 4000 V, endplate offset −500 V, collision cell RF 350.0 Vpp, nebulizer 2.2 bar, dry heater 200 °C, dry gas 6.0 L/min. A Bruker MicrOTOF-Q II 10390 MS (Bruker Daltonik GmbH, Bremen, Germany) with ESI using the following parameters was used: scans between 50 and 1500 m/z, positive ion polarity, capillary 4500 V, endplate offset −500 V, collision cell RF 100.0 Vpp, nebulizer Table 9 summarizes the observed trends of the calculated properties based on experimental data. Most of the calculated properties fit well to the observed experimental result. The observed close contact order 13 > 15 > 14 between the carbene carbon and the sterically bulky NHC (N-heterocyclic carbene) group indicates the possibility of relatively high steric repulsion between the 4-substituted chlorine and/or methoxy groups and the NHC, which leads to the reorganization of the structure, resulting in the aforementioned close contact order. The highest close contact [34] for precatalyst 14 was due to the relatively large size of the chloro group compared to the methoxy oxygen. This steric repulsion can affect the Ru-N bond length, as can be seen in Figure 6 , hence the Ru-N bond length order in Table 9 . The shorter the Ru-N bond length, the slower the hemilability of the pyridinyl alcoholato ligand at a low temperature. Therefore, the relatively high optimum temperature for the precatalysts 14 and 15 is as a result of the strong Ru-N bond. It is therefore the combination of steric and electronic effects that contributed to the differences in the catalyst performance.
According to Wiberg [36] , the larger the Wiberg index value, the more active the carbene double bond of the precatalyst. In other words, a π-system can be more active if there exists high electron density. Incidentally, therefore, in the precatalyst 14, the bonding electrons are denser than the rest of the catalysts. This is therefore in agreement with the theoretically-calculated Ru-N bond length order. The only switch between Wiberg's index and Ru-N bond length order is between precatalysts 4 and 15; otherwise, it is in good agreement with the experimental results. The Ru and N natural charges also signify the fact that the closer the nitrogen to the ruthenium, the more the electron density (less positive charge) around the ruthenium and the less the negative charge on the nitrogen; hence, the ruthenium charge order of the precatalysts is 13 > 4 > 15 > 14.
Materials and Methods
Instrumental Methods
1 H-NMR (CDCl 3 , 600 MHz), 13 C-NMR (150 MHz), 31 Melting points of the pyridinyl alcoholato ligands and decomposition points of the precatalysts were determined with a Büchi B-540 melting point apparatus.
Gas chromatography/MS (GC/MS) analyses of the 1-octene metathesis reactions were performed on an Agilent 6890 (Agilent Technologies, Santa Clara, CA, USA) gas chromatograph equipped with an Agilent 7683B autosampler, HP-5 capillary column and an Agilent 5973 mass selective detector (MSD). The same oven program was used with either a two-minute solvent delay or no solvent delay. Helium was used as carrier gas with a 1. 
Materials and Reagents
2-Bromopyridine (99%), nBuLi (2.5 M in hexane), benzophenone (99%), 2-chlorobenzophenone (99%), 4-chlorobenzophenone (99%), 4-methoxybenzophenone (99%), Grubbs first generation (97%) and Grubbs second-generation (97%) catalysts were purchased from Sigma Aldrich (Sigma-Aldrich ® South Africa, Johannesburg, South Africa). Diethyl ether and THF were dried over Na in the presence of benzophenone, and pentane is distilled in CaH 2 in inert atmosphere before using as a solvent. A gastight Hamilton syringe (Hamilton, Bonaduz, GR, Switzerland) was used to add air-sensitive reagents and dried solvents to the reaction vessel. The Acrodisc Premium 25-mm syringe filter with GxF/0.45 µm GHP (GH Polypro) membrane (PALL Corporation, Port Washington, NY, USA) was used to filter the lithium salt from the precatalyst.
Synthesis Methods
General Procedure for the Synthesis of Ligands 5-8
Diethyl ether (50 mL) was added to a three-neck round-bottom flask (200 mL) in argon and cooled to −78 • C. To this, nBuLi (50 mmol, 2.5 M in hexane) was added slowly, which then was followed by the drop-wise addition of 2-bromopyridine (47.5 mmol, in 12.5 mL diethyl ether) at −78 • C, and the mixture was stirred for 15 min, resulting in a dark-red solution. The reaction temperature was raised to −20 • C, and mono ortho-and/or para-chloro and/or para-methoxy substituted benzophenone/benzophenone (52.5 mmol, in 20 mL diethyl ether) was added slowly to the reaction mixture and the mixture stirred for 2 h. The temperature was raised to room temperature, and the reaction mixture was hydrolysed carefully. The organic phase was separated from the aqueous phase and then extracted with 2 M HCl (5 × 10 mL). The aqueous phase was neutralized with a 2 M NaOH solution and extracted with diethyl ether. The organic phases were combined, dried with MgSO 4 , and the solvent was slowly evaporated to obtain a white crystalline solid product. 
General Procedure for the Synthesis of the Lithium Salts 9-12
To the pyridinyl alcohol (2 mmol) in a Schlenk tube under argon atmosphere was added THF (20 mL). The alcohol was made to dissolve; nBuLi (2 mmol, 2.5 M in hexane) was added drop-wise, and the reaction mixture was stirred for 2 h, at room temperature. The solvent was removed under reduced pressure, and the white solid residue obtained was washed with pentane (5 mL × 2). The pentane was removed by gastight syringe, and the white solid was made to dry under reduced pressure. The white powder lithium salt was kept under inert atmosphere in a fridge for the next reaction.
General Procedure for the Synthesis of Complexes 4 and 13-15
The lithium salt of pyridin-2-yl-methanol (0.6 mmol, in 5 mL THF) was added to a Schlenk tube containing Grubbs second generation catalyst (0.6 mmol, in 5-10 mL THF) under inert atmosphere. The reaction mixture was stirred for 2-53 h at room temperature to 40 • C, depending on the reaction rate. Progress of the reaction was followed by TLC (thin layer chromatography) (6:1 hexane:ethyl acetate) until all of the Grubbs catalyst was consumed. The THF was removed from the resulting dark-green Grubbs 2-type precatalysts under reduced pressure in an inert condition. Toluene (7 mL) was added to the tarry black residue in the Schlenk tube, and all of the contents of the Schlenk tube were collected by gastight syringe and filtered into another Schlenk tube using a syringe filter, in an inert condition. Toluene was removed under reduced pressure; THF (1 mL) and pentane (5-10 mL) were added to the tarry black residue in the Schlenk tube, and the mixture was left for 20-30 min to form a precipitate. The pentane was removed by gastight syringe, and the product was washed with pentane (5 mL) using an ultrasonic bath for 5 min once and then four times without the ultrasonic
Conclusions
Four pyridinyl alcohols and four ruthenium-based precatalysts were successfully synthesized. The pyridinyl alcohol 1-(2 -pyridinyl)-1-(4-methoxyphenyl)-1-phenyl-methanol, the two chloro-substituted and the methoxy-substituted pyridinyl alcoholato ruthenium precatalysts were also synthesized for the first time. The very good performance of the 4-chloro-and 4-methoxy-substituted pyridinyl alcoholato ligand containing ruthenium precatalysts, at high temperatures, makes them very good precatalysts for high temperature linear olefin metathesis reactions. The significant increase in the catalytic performance of the newly-synthesized ruthenium precatalysts, at high temperatures, is attributed to the steric repulsions between the substituents and the sterically bulky NHC group that resulted in strengthening the Ru-N bond. 
